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The penicillin-binding proteins (PBPs) are a set of enzymes that participate in bacterial peptidoglycan
assembly. The absolute numbers of each PBP were determined by direct measurement and have been reported
for two Staphylococcus aureus strains, RN4220 (methicillin-sensitive S. aureus) and RN450M (methicillin-
resistant S. aureus). From the specific activity of the labeled penicillin and the absolute number of disinte-
grations per minute, and from the number of CFU per milliliter calculated from proteins and optical density,
a determination of the number of PBPs per cell was made. These numbers ranged from approximately 150 to
825 PBPs/cell and represent the first direct determination of absolute numbers of PBPs in S. aureus.

The penicillin-binding proteins (PBPs) are a set of enzymes
that catalyze the terminal reactions of bacterial peptidoglycan
biosynthesis. The transpeptidation and carboxypeptidase func-
tions are inhibited when these proteins are acylated by a B-lac-
tam antibiotic, with the B-lactam ring opening and forming a
covalent bond with an active-site serine residue on the PBP
(10, 11). Much of the understanding we have about the roles of
the individual PBPs comes from work done primarily with the
gram-negative rod-shaped organism Escherichia coli and the
gram-positive rod-shaped organism Bacillus subtilis (3, 13, 22).
Working with E. coli, Spratt published an indirect estimate of
the numbers of individual PBPs in an average E. coli cell (18).
Nearly 2 decades later, Dougherty et al. directly calculated the
numbers of molecules of individual PBPs per cell by measuring
both the cell numbers present and the radioactivity of the
individual PBPs in a precise quantity of cells (9).

In this work, we measure the numbers of the individual PBPs
of the gram-positive coccus Staphylococcus aureus using a sim-
ilar direct method. Methicillin-resistant S. aureus (MRSA)
strains mediate resistance by the acquisition of exogenous
DNAs that contains an additional PBP, PBP 2a, encoded by
the mecA gene (1, 4, 16, 19). The functioning of this PBP in
MRSA strains allows for sufficient cell wall biosynthesis in the
presence of B-lactam antibiotics such as methicillin at concen-
trations that would result in the killing of methicillin-sensitive
S. aureus (MSSA) strains (2, 7). Similar to what was done in the
previous E. coli study (9), the individual PBPs were saturated
with [*H]penicillin and a sufficiently large number of samples
were taken in separate experiments to allow statistical assess-
ment of the data sets. The numbers of PBPs were quantitated
and compared between genetically related MSSA and MRSA
strains, and the number of PBP 2a molecules in the resistant
strain was determined.
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In vivo labeling and quantitation of PBPs in rapidly growing
S. aureus cells. Because of variable losses that occur during the
membrane preparation process, and in order to accurately
assess the number of PBPs per cell, it was necessary to be able
to label cells with [*H]penicillin directly rather than use pre-
pared cell membranes. Previous results indicated that there are
no significant differences between the PBP patterns of isolated
membranes and in vivo-labeled cells (M. Pucci, unpublished
data). Prior to the quantitation experiments, it was necessary to
examine binding to the PBPs over time to ensure that the
proteins were fully saturated with radiolabeled benzylpenicillin
at the time binding was stopped. This was particularly impor-
tant for PBP 4, as the penicillin-bound enzyme has been shown
to be rapidly deacylated, with a half-life of 4 to 6 min compared
to the half-life (>40 min) of relatively stable acyl derivatives
for PBPs 1, 2, and 3 (6, 21). Cells were incubated with radio-
labeled penicillin, and samples were withdrawn at various
times from 10 to 60 min and subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). In
order to determine relative values of PBPs from fluorographs,
the X-ray films were prefogged (15) and, after exposure, the
film was scanned with an LKB Ultroscan XL laser densitom-
eter (Pharmacia LKB Biotech, Uppsala, Sweden). Areas under
the curves are automatically calculated by the instrument. The
results for PBPs 2, 2a, 3, and 4 are shown in Fig. 1. Full
saturation was achieved for all PBPs within 10 to 20 min at
37°C. Interestingly, while binding remained relatively constant
over the course of the experiment for PBPs 2, 3, and 4, PBP 2a
exhibited progressively less intense bands after 25 min.

One-milliliter samples of cells from mid-logarithmic-phase
cultures of S. aureus RN4220 (restriction-deficient ATCC
8325-1; Bla™ [17]) and RN450M (ATCC 8325-1 transformed
with the COL mec region; Bla™) grown in brain heart infusion
broth were taken. The samples for PBP determinations were
immediately centrifuged and resuspended in 50 nl of lysis
buffer consisting of 50 mM Tris-HCI (pH 7.0), 10 mM MgCl,,
2.5 ng of DNase/ml, and 2.5 pg of RNase/ml (5). Two micro-
grams (final concentration, 40 pg/ml) of radiolabeled penicillin
([*H]benzylpenicillin, ethylpiperidinium salt, 26.5 Ci/mmol;
DuPont NEN, Boston, Mass.) was immediately added, fol-
lowed by a 20-min incubation at 37°C. Five microliters of
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FIG. 1. Percentages of saturation of PBPs with [*H]benzylpenicillin over time at 37°C. Fluorograph bands (film not shown) were scanned (see
the text for details), and the highest areas under the curve were arbitrarily set as 100% for each PBP.

lysostaphin was added to a final concentration of 200 wg/ml,
and samples were incubated at 37°C for an additional 5 min to
allow cell lysis to occur. Immediately after lysis occurred, SDS-
PAGE sample buffer was added, the samples were heated for
5 min at 100°C, and the entire volume was loaded into a sample
lane for SDS-PAGE. Following electrophoresis, gels were sub-
jected to fluorography for 5 to 7 days to reveal the positions of
the radiolabeled PBPs as described previously (9).

Areas containing the radiolabeled PBPs were cut out from
the dried gel, placed in a scintillation vial, rehydrated, and
extracted. In order to provide sufficient radioactive counts for
counting statistics, two adjacent lanes with identical samples of
a given PBP were placed in the same vial to ensure adequate
counts per minute per vial. This reduced the probable counting
error to below 3% (12). In order to obtain the absolute number
of disintegrations per minute from the observed counts per
minute, a quench curve was constructed. In all experiments, 12
identical sample lanes were run, thus yielding six determina-

tions for each PBP. Samples for cell number determinations
were immediately diluted and plated on brain heart infusion
agar for colony enumeration after incubation overnight. Staph-
ylococci undergo cell division in two planes and are often
found in clusters. In an attempt to minimize variability in the
direct determination of numbers of CFU per milliliter, a con-
version from micrograms of protein per milliliter was used. By
analysis of multiple fields under phase-contrast microscopy, we
found that clusters were predominantly tetrads under the se-
lected growth conditions, and a factor of 4 was used to convert
numbers of CFU to numbers of cells (Table 1). Each experi-
ment yielded three values for each individual PBP for each
strain, along with the number of CFU per milliliter derived
from at least six plate counts of colonies. At the same time, the
amount of protein in micrograms per milliliter was also calcu-
lated. These data were then used to plot numbers of CFU per
milliliter versus micrograms of protein per milliliter (Fig. 2),
and it was determined that 10° CFU was equivalent to 1 pg of

TABLE 1. Numbers of PBPs in MSSA and MRSA strains

PBP? (molecular No. of molecules of

Avg no. of molecules of Avg no. of molecules of

S. aureus strain mass [kDa]) [*H]penicillin/ug of protein” [*H]penicillin/CFU + SD [H]penicillin/cell = SD % of total

RN4220 1 (80) 7.5 X 108 737 £ 32 184 = 8 17.1
2(73) 1.8 % 10° 1,844 + 243 461 + 61 23

3(70) 5.9 x 108 593 + 86 148 = 21 13.7

4 (46) 1.1 % 10° 1,139 + 117 285 + 29 26.4

RN450M 1 (80) 6.7 X 108 665 *= 139 166 *+ 35 8.6
2a (74) 3.3 x 10° 3,292 = 1,519 824 + 379 42.6

2(73) 1.8 X 10° 1,798 + 388 449 + 97 23.2

3(70) 7.9 x 108 787 * 241 197 = 60 10.2

4 (46) 1.2 % 10° 1,196 + 243 299 + 61 15.4

“ PBPs are numbered according to standard nomenclature (20).
® RN4220, 36 pg of protein/ml; RN450M, 45 pg of protein/ml.
¢ Approximately four cells per CFU.
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FIG. 2. CFU per millilter versus micrograms of protein per milliliter of staphylococcal culture.

protein for each strain. Using the total number of micrograms
of protein per milliliter, the total number of disintegrations per
minute per lane, and the specific activity (26.5 Ci/mmol; de-
termined by high-performance liquid chromatography analy-
sis) of the radioactive penicillin, the number of molecules of
radioactive penicillin per microgram of protein could be cal-
culated. By using the above conversion, the number of mole-
cules of radiolabeled penicillin per CFU could be determined.
The number of molecules of radiolabeled penicillin per CFU
divided by 4 yielded the numbers of individual PBPs per cell.
Results from a total of four independent experiments are in-
cluded in the values in Table 1, and the averages and standard
deviations for all 12 data points are presented. A representa-
tive PBP profile film is shown in Fig. 3. These results indicate
that the numbers of PBPs per cell in S. aureus ranged from
about 150 to 200 for PBPs 1 and 3 to about 800 for PBP 2a.
This range is similar to what was previously reported for E. coli
9).

Comparison of direct quantitation and laser densitometry.
The percentages shown in Table 2 are the PBP ratios obtained
using the generated absolute values of PBPs by excision and
scintillation counting compared with the relative values ob-
tained by laser densitometry. The comparison illustrates that
laser densitometry yields relative ratios of PBPs similar to
those obtained by direct counting determinations of individual
PBPs. This relationship was also observed previously with E.
coli PBPs (9). A recalculation of the percentages for RN450M
PBPs 1 through 4 after PBP 2a values were subtracted (Table
3) yielded numbers similar to those seen for the MSSA strain
RN4220, which lacks PBP 2a, particularly when the direct
determination numbers were compared.

To our knowledge, the numbers of PBPs in a gram-positive
coccus have not been directly calculated to date. It was of
interest to compare the numbers of PBPs with those of the

gram-negative rod E. coli using essentially the same experi-
mental technique. The numbers of each individual staphylo-
coccal PBP ranged from 120 to approximately 800 in each cell.
Whereas E. coli was found to have about 2,700 PBPs per cell
(9), S. aureus RN4220 had 1,078 PBPs and S. aureus RN450M
had 1,935 PBPs (1,111 minus values for PBP 2a) (Table 1). An
important difference is that E. coli has approximately 1,880
PBPs per cell with carboxypeptidase activity (PBPs 4, 5, 6, 7,
and 8). PBP 5 alone has about 800 copies per cell. Staphylo-
cocci appear to lack such high numbers of low-molecular-

RN4220 RN4SOM 4
“2a

FIG. 3. A representative fluorograph of the PBPs of S. aureus
RN4220 and RN450M. The PBPs are numbered on the right according
to standard nomenclature. All cell samples received saturating
amounts of [*H]benzylpenicillin. First through 6th lanes, RN4220; 7th
through 10th lanes, RN450M.
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TABLE 2. Relative percentages calculated by densitometric
scanning of PBPs compared with those obtained by direct

determination
% of total PBP value
S. aureus strain PBP Direct Seanni
determination canning
RN4220 1 17.1 13.2
2 42.8 46
3 13.7 9.8
4 26.4 31
RN450M 1 8.6 4.8
2a 42.6 39
2 23.2 26
3 10.2 8.7
4 154 21.5

weight PBPs. Therefore, these data suggest that, although
staphylococci have thicker cell walls and more layers of pepti-
doglycan, the actual numbers of PBPs may be less than the
total for E. coli. The larger size and, therefore, larger surface
area of the E. coli cell can only partially account for the dif-
ferences in the numbers.

Labischinski et al. found that E. coli appeared to have a
single layer of peptidoglycan covering some 70 to 75% of the
cell and a triple layer covering the remaining 25 to 30% (14).
These findings contrast with the thicker peptidoglycan of gram-
positive organisms, estimated to be as much as 20 to 25 layers
thick. Studies by Young and colleagues of E. coli, in which
multiple PBP deletions had been constructed, indicate that the
majority of PBPs in this organism are dispensable (8, 22). Thus,
cell wall synthesis in E. coli depends primarily on a numerically
small subset of essential PBPs, and other PBPs, while making
up the vast majority of the molecules, appear to have fine-
tuning functions on the peptidoglycan structure. Thus, the
seeming disparity between the amount of peptidoglycan and
the number of PBPs in E. coli compared with the relationship
seen in S. aureus may not be as great as the raw numbers
indicate. In addition, a fraction (~20%) of the gram-positive
cell wall is composed of teichoic acids, a polymer absent from

TABLE 3. Relative percentages calculated by densitometric
scanning of PBPs compared with those obtained by direct
determination of PBP values minus PBP 2a values for
S. aureus RN450M

% of total PBP value — PBP 2a value“

PBP
Direct determination Scanning
1 14.9 7.9
2a NA NA
2 404 424
3 17.7 14.4
4 26.9 353

“ NA, not applicable.
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the gram-negative peptidoglycan layer. Finally, another con-
tributing factor may be that E. coli, by virtue of having a larger
genome, may simply have more built-in redundancies than
gram-positive cocci.
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